REPORT DOCUMENTATION PAGE
A physical model describing the origin of the distortion in microwave and RF switches using AlGaN/GaN HFETs indicates that the field-dependent mobility in the channel two dimensional electron gas is the dominant mechanism in generating distortion in these devices. The model indicates HFET turn-off voltages in the range of -1.0 to -1.5 volts provide the lowest distortion in series switch configurations using AlGaN/GaN HFET devices. The intercept point can be increased (distortion reduced) by decreasing the channel resistance of the HFET. A comparison of the HFET switch with MESFET switches shows that the HFET switch generates more distortion than its MESFET counterpart.
In addition, the frequency response of HFET switches is the opposite of the MESFET switch, with less distortion at low frequencies. The distortion is found to be nearly constant with frequency. Second order distortion intercept points in the range of 50 to 60 dBm should be achievable with current AlGaN/GaN technology.
Under high power operation it was found that the on-state resistance was a function of the applied microwave power. This resistance changed up to 20% over the range of -5 to 20 dBm applied microwave power with shunt connected devices. This phenomenon showed a weak frequency dependence. Modeling efforts appear to verify this increase in resistance over the range of powers tested. This effect may limit the use of these devices for very high power operation
Small Signal Modeling of the AlGaN/GaN HFET Microwave and RF Switch

General Modeling Principles
The simplified small-signal equivalent circuit for the GaN-based heterojunction field effect transistor (HFET) in a switch application (Fig.l) consists of a parallel resistance R sd and capacitance C sd .
The values of these equivalent circuit parameters are determined by the semiconductor material properties, transistor geometry and DC gate control voltage. From the equivalent circuit, the on-state resistance of the switching FET R sd can be written as:
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where, Rch is the heterointerface (or channel) resistance, and R s and Rd are the parasitic source and drain resistance, respectively. The contribution of R s and Rd to the total on-state switch resistance R sd is negligible compared with the channel reistance R ch . Since the two dimensional electron gas (2DEG) governs the resistance in the conductive channel, the total channel resistance may be estimated as: where, Ps is the sheet resistance of Al x Gai-x N/GaN interface 2DEG, W is the gate width of HFET, and
Lch is the channel length (drain-source distance). The value of the sheet resistance is computed as:
where q is the single charge, n n is the low-field mobility of 2DEG and n s is the two-dimensional electron gas (2DEG) density which is the function of the DC control gate voltage and interface geometry. The full derivation for the channel resistance R C h is in Appendix A.
The model for capacitance C sd includes both voltage dependent and parasitic capacitances. The important parasitics are the source and drain metal coupling capacitance through air to the gate, the extrinsic capacitances that couple the source and drain above the semiconductor, and the intrinsic capacitances that couple through the GaN and substrate layers. The last three capacitances are present only in the off-state, when the 2DEG is suppressed by the gate voltage. These capacitances may be estimated using standard equations for MESFETs. The voltage dependent capacitances are presented by source-gate and drain-gate capacitances and capacitances between gate and inner side of the drain or source contacts. The full derivation for the capacitance C sd is in Appendix B.
Measurements were performed on Cornell University GaN FETs to test the theoretical models on as-fabricated devices. Swept S-parameters measurements were performed on a variety of the devices over the frequency range of 2.5 to 7.0 GHz at a power level of 0 dBm, keeping the device in its so-called small signal regime. with broadband switch cutoff frequencies greater than 400 GHz for gate peripheries of 100 microns and larger for 500 ß/sq sheet resistance devices.
Series and Shunt Microwave and RF Switch Characteristics
The main control FET parameters are on-state resistance RON (called R sd for DC gate voltage above the threshold voltage) and off-state capacitance C 0 FF (DC voltage is beyond the threshold voltage). These parameters determine the switch's RF impedance in the two switch states and therefore the two main RF switch parameters, insertion loss and isolation, are strongly dependent on them. In the case of the shunt FET configuration, the isolation is determined by RON, while insertion loss by COFFMulti-throw FET switches (for example, SPDT and nPmT) utilize a combination of series and shunt elements to improve insertion loss, isolation and linearity; therefore both device configurations (series and shunt) need to be studied for completeness. For the following discussion, single FET switch elements will be considered in a SPST switch configuration.
The two important switch parameters, insertion loss and isolation, may be written in the SPST shunt configuration as
on whereas in the series SPST configuration, the two important switch parameters are given by:
where both parameters are in terms of dB.
For switching or control GaN FETs, the value of the sheet resistance at the Al x Gai-x N/GaN 2DEG interface strongly influences the on-state resistance, therefore strongly affecting the shunt isolation or series insertion loss. From Figure 11 , a 500 Q/sq. 2DEG will yield a series switch insertion loss of approximately 0.5 dB at 10 GHz for the switch geometry indicated, comparable with some current GaAs MESFET switch technologies. Further improvement in insertion loss can be obtained by increasing the gate width W of the GaN FETs; however, this will also increase the off-state capacitance and a subsequent degradation of series isolation. This effect is illustrated in more detail in Figures 12 and 13 . In Figure   12 , series connected GaN FET (W=150 microns, L=0.3 microns) insertion loss and isolation is plotted versus two different 2DEG sheet resistances, 1900 Q/sq. and 450 Q/sq.. These two sheet resistance values were chosen because they represent past and current fabrication technologies of the Cornell devices. By reducing the sheet resistance and thereby improving the 2DEG conducting properties, the insertion loss may be improved to 0.6 dB from 2.0 dB. The insertion loss is primarily determined by the on-state resistance and is constant up to 20 GHz. Since the capacitance is not a function of sheet resistance, the isolation is the same for the two devices and is approximately 10 dB at 10 GHz. Figure   13 shows additional improvement in insertion loss can be achieved by increasing the gate width from 150 to 250 microns. The insertion loss reduction is from 0.6 to 0.3 dB, comparable with current commercially available GaAs FET control devices. The increase in gate width, however, also increases the device capacitance with a corresponding decrease in isolation by approximately 2 dB. HFET structures has indicated that the overall intercept point in the AlGaN/GaN technology is higher than its AlGaAs/GaAs HFET counterpart due to the higher saturation velocity and lower mobility in the AlGaN/GaN device.
The GaN HFET exhibits a slight frequency dependence in its distortion intercept point. Figure   18 shows the results of IP2 and IP3 simulations for an 0. GaAs MESFET switch distortion where lower intercept points occur at low frequencies [22] . This phenomenon can be explained in the following way. In the GaN HFET, changes in frequency affect the gate bias voltage and hence the 2DEG carrier density (Eqn. C4) whereas in the MESFET, the carrier density in the channel remains the same regardless of changes in frequency. At low frequencies, the 2DEG carrier density is somewhat higher than at high frequencies with a corresponding slight decrease in nonlinearity, giving rise to the decrease in intercept point with increasing frequency. Figure 19 shows an IP2 comparison for the HFET and MESFET switches for identical insertion loss values. The GaAs MESFET switch has slightly better low frequency performance, improving further at frequencies above the gate bias circuit cutoff frequency. 
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Large Signal Modeling of the AlGaN/GaN FET Microwave and RF Switch
The microwave and RF resistance and capacitance of the AlGaN/GaN HFET will be a function of not only the gate-source voltage but also the source-drain voltage. The capacitive coupling due to the gate capacitances will couple small amounts of RF energy off of the drain and change the original HFET operating conditions. This changing region of operation will heavily influence the operation of these devices in high power microwave and RF control applications. This section presents our first look into the large signal effects (primarily large source-drain voltages) on the microwave and RF resistance and capacitance of the HFET.
In our study, the saturation drain-source DC voltage is assumed to be the same as the small signal model:
(1)
The 2DEG sheet density modulation is known to be a function of both gate-source and source-drain voltage V S d and may be written as:
where, V g is the DC gate voltage, T| is the ideality factor, V sd is the source-drain voltage, V m is the thermal voltage for 300 K, V T is the threshold voltage, and 8 is characteristic parameter for the2DEG density (5 = 0.05...0.2).
The expression used for the 2DEG sheet density in the presence of n max is identical to that of the small signal model:
The effect of the lateral electric field on the carrier velocity [30] in the heterointerface leads to the following simple equation for large-signal mobility:
4ä, where, ^ is the low-field mobility, Lc h is the channel length (distance between drain and source regions),
-üsat is the saturation velocity in the heterointerface, D sat = 3xl0 5 m/s, V sd is the source-drain voltage applied between source and drain, and y 4 is a characteristic parameter for drift velocity, y 4 = 1 • • -2. This form for the mobility is identical to that of the distortion model presented in a previous section of this report.
Source-drain Resistance
The source-drain resistance R$ h is a function of the parasitic source and drain resistances and the channel resistance which may be written as:
where, the value of the source and drain region resistors R s and Rd for the symmetrical transistor was written as for the small-signal model as: where R^g h is related to heterointerface resistance. The two-dimensional gas governs the resistance in The resistance Rmax models the resistance of the bulk GaN: Also, the transaction area for the capacitance reflects the coupling between the gate and the inner side of the source or drain terminals and is a function of V sd : C*=C,x(l-(n*/»™/f 3 - (12) where, C,, =-=-xln
Modeling and Measurement Results of High Power Effects
The expressions derived in the previous section were used for a first look at the affect of large source-drain voltage on the GaN HFETs. Using these relationships, Figure 20 shows calculated resistance as a function of gate bias and source-drain voltages. Note that for small V sd the resistance is constant for a given gate voltage. As V sd increases beyond approximately 0.25 volts, the resistance gradually increases, increasing this rate for source-drain voltages greater than approximately 1.0 volt.
The decrease rate is smaller for zero gate bias voltage. across the gate-source due to the corresponding gate-source and gate-drain capacitances. This effect raises concerns about the use of these devices for very high power operation. 
2DEG Resistance Model
The two dimensional electron gas (2DEG) governs the resistance in the conducting channel, RchThe2DEG density n s is computed with the aid of the following expressions:
where, V g is the DC gate voltage, n. is the ideality factor, Vth is the thermal voltage for 300 K, and VT is the threshold voltage,
where, ei is the dielectric permittivity of Al x Gai-x N layer, di is the thickness of this layer, and Adi is the effective thickness of 2DEG. The threshold voltage VT was calculated for a uniformly doped Al x Gai-X N layer as [16] :
where, no is the surface concentration in Al x Gai_ x N, q<3>B is the barrier hight between metal gate and Al x Gai-x N, and AEc is the conduction-band discontinuity at the heterojunction. The value of AEc was assumed to be equal to three quarters of the energy gap difference between the Al x Gai-x N and GaN material. Material parameters of Al x Gai-x N were determined using linear interpolation between GaN and A1N parameters as a function of the Al molar fraction x [13] .
Using the results of Equations Al through A3, the channel resistance and its gate voltage dependence may be computed as [15] :
where L is the gate length, W is the gate width, q is the single charge, and \i n is the low-field mobility.
The maximum 2DEG carrier density n max in Al x Gai_ x N/GaN heterostructure is typically below lx 24 10 13 cm" 2 [13] . The modified 2DEG carrier density can be written as [17] :
where, yl is the characteristic parameter for the transition to saturation in 2DEG carrier density. Finally
Eqn. A5 is substitied into Eqn. 16. Moreover, according to Eqn. A5 the channel resistance grows with n s decreasing without limit; therefore, in the model, R c h max is guaranteed not to exeed several kß.
Taking all the above factors into account, R c h is written as:
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where, 72 is the characteristic parameter for the transition to reaching the R c h max-
Using sample parameters as shown in Appendix D, the source-drain resistance was computed as a function of frequency. Figure Taking into account the effect of the 2DEG carrier density saturation (Eqn. A5), the modified expression for Cg may be written as [15] :
The Meyer model describes the HFET capacitance behavior correctly only above the threshold voltage [19] . When the HFET is used as a control device, the more important capacitance is the one beyond the threshold voltage, because this capacitance determines microwave switch insertion loss or isolation, depending on HFET connection. This capacitance reflects the coupling between the gate and the inner side of the n + diffusion regions. To estimate this capacitance, MOSFET capacitance expressions were used [20] because of strong structure similarities between HFET and MOSFET:
where, h n + is the depth of the n + -layer.
When the 2DEG layer is present this capacitance component (13) is absent, but beyond the threshold voltage Vj , Q g plays the main role. This capacitance appears only after 2DEG suprression.
The final approximation for this capacitance may then be written as:
where, 73 is the characteristic parameter for the capacitance Cig. These capacitance terms all contribute to the total off-state capacitance, C 0 FF- Figure where the a n contain terms dependent on the microwave circuit topology, including such parameters as the gate bias circuitry, gate-drain and gate-source leakage and the device series resistance Rg. A frequently used measure of distortion, the distortion intercept point, is derived for the microwave control element based on this I DS -V DS characteristic. In general applications, the second and third order distortion intercept points (IP2 and IP3, respectively) are of most interest to microwave design engineers and will be discussed here, although higher levels of intercept point may be computed. General expressions for load-referenced IP2 and IP3 can be written for the series reflective GaN HFET-based switch in terms of the expansion parameters in Eqn. Cl [22] . The series reflective switch has been chosen for this discussion since previous studies have shown that in SPDT switch topologies, the series on-state element is the primary distortion generating mechanism [22, 23] . With this in mind, the intercept points can be written using the I D s-V D s expansion parameters as [22] : where |ILF is the low field mobility, E is the electric longitudinal field in the channel and v sat is the saturation velocity in the 2DEG. Figure C3 shows the model velocity-electric field profile for the a typical heterostructure system. 
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The I-V characteristic for the GaN HFET is derived in a similar fashion as the MOSFET [6] ;
however, the carrier density in the 2DEG above threshold is a function of the capacitance per unit area of the gate-2DEG structure and the gate-source voltage [6] By assuming a linear variation of voltage in the channel (similar to MOS square law theory [6] ) and the mobility relation in Eqn C3., the nonlinear drain-source current can be written as: where |in (n=l,2) is the mobility expansion coefficient from Eqn. C4.
